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Abstract 
To screen amine solvents accurately for CO2 capture, a Wetted Wall Column (WWC) was used to measure equilibrium CO2 
partial pressure and CO2 absorption/desorption rate at variable CO2 loading from 40 to 100 °C. The solvents included 10 m 
diglycolamine (DGA®), 4.8 m 2-amino-2-methyl-propane (AMP), 8 m N-methyl-1,3-propanediamine (MAPA), 7 m/2 m and 5 
m/5 m methyldiethanolamine (MDEA)/piperazine (PZ). With a semi-empirical VLE model assuming a lean/rich CO2 loading 
corresponding to 500 Pa/5000 Pa CO2 partial pressure, cyclic capacity and heat of CO2 absorption was determined. Liquid film 
mass transfer coefficients are reported for each solvent, which allows estimation of packing area required for 90% removal via a 
simple absorber design. The results show that the capacity of DGA® and MAPA is 10–20% less than 7 m MEA with a 5 to 15% 
slower rate.  4.8 m AMP has a capacity twice as great as 7 m MEA, but the rate is lower by 45%. 7 m/2 m MDEA/PZ has a 
similar capacity to 8 m PZ but slightly slower rate. 5 m /5 m MDEA/PZ has a capacity 20% greater than 8 m PZ and a 
comparable rate. The heat of CO2 absorption in the primary amines is about 80 kJ/mol CO2. The value for PZ and its blend with 
MDEA is about 70 kJ/mol CO2.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Amine solvents for CO2 capture require high absorption/desorption rate, high capacity for CO2, low degradation 
rate, and low volatility. A high heat of CO2 absorption is also required to reduce overall energy consumption in 
amine regeneration and CO2 compression [1, 2]. Efforts in amine screening have been reported by many researchers 
[3-8]. Most of them measure relative absorption/desorption rate by simple CO2 sparging, which lacks the ability to 
estimate amine performance in a real absorber. Furthermore, cyclic capacity and heat of absorption at practical 
conditions are rarely available in these studies. 
A wetted wall column (WWC) has been extensively utilized to study kinetics between amines and CO2. 
However, few of these studies use practical levels of CO2 loading and amine concentration [9-13]. Because it 
closely approximates mass transfer between gas and liquid on real packing, a WWC provides an excellent platform 
to evaluate new amine solvents. 
In this study, CO2 solubility and the absorption/desorption rate in five amine solvents, 10 m DGA
®
, 4.8 m AMP, 
8 m MAPA, 7 m/2 m and 5 m/5 m MDEA/PZ were measured in a WWC at 40 °C to 100 °C with variable CO2 
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loading. The CO2 loading (α, mol/mol alkalinity) was chosen to give a  CO2 partial pressure at 40 °C of 500 Pa to 
5000 Pa to cover the expected range for post-combustion capture from a coal-fired power plant. Equilibrium CO2 
partial pressure (PCO2
*
) and liquid film mass transfer coefficient (kg’) were measured at each condition. The obtained 
solubility data was modelled with a semi-empirical correlation, which enables calculation of cyclic capacity and heat 
of CO2 absorption.  
2. Experimental methods and materials 
A schematic of the entire WWC apparatus is shown in Figure 1. Details of the WWC are shown in Figure 2.  This 
is the same apparatus and method as used by Bishnoi [14], Cullinane [12], Dugas [13], and Chen et al. [15]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Flow sheet of the WWC apparatus. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Detailed view of the WWC. 
A CO2/N2 mixture was fed into the WWC by mass flow controllers at 5×10
-3
 standard m
3
/min. The inlet partial 
pressure of CO2 was varied from zero to about double the equilibrium pressure. The gas mixture was saturated with 
water and further heated by an oil bath before entering the WWC chamber from the bottom. Liquid in a one-liter 
reservoir was pumped through the middle of the column and overflowed from the top. Then it evenly distributed 
along the outer surface of the column and exited the bottom, counter-currently contacting the gas. The liquid was 
recirculated at 2.4×10
-4
 m
3
/min. The total pressure of the system was regulated between 0.2 MPa to 0.7 MPa with a 
needle valve at the gas outlet. The gas exiting from the top was directed through a condenser and a desiccation unit 
to remove water and amine vapor. The outlet CO2 concentration was measured continuously by an infrared CO2 
analyzer (Horiba 2000). The bypass valve allows direct measurement of inlet CO2 concentration. 
Typically six inlet CO2 partial pressures were selected for each CO2 loading and temperature (T), as shown in 
Figure 3. Three of them are greater than the equilibrium CO2 partial pressure of the solution, leading to absorption 
of CO2 and positive flux; while the other three correspond to desorption. CO2 flux and driving forces between gas 
and liquid, which are determined from the difference of inlet and outlet CO2 concentration, can be correlated by a 
line. The slope of the line represents the overall mass transfer coefficient (KG):  
 
(1) 
 
where NCO2 is CO2 flux and PCO2,g is CO2 partial pressure in the bulk gas. 
The line is shifted along the abscissa axis by adjusting PCO2
*
 until it almost crosses the original point, where the 
driving force is zero and no flux should be observed. In this way, PCO2
*
 is determined as a function of loading and 
temperature. 
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A pre-determined correlation for gas film mass transfer coefficient (kg) [14] is combined with the experimental 
results for KG to calculate liquid film mass transfer coefficient (kg’): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Flux as a function of log mean driving force between gas and liquid for 10 m DGA® at 60 °C and CO2 loading of 0.4 
mol/mol alkalinity. 
 
      
       (2) 
 
kg’ is the CO2 flux normalized by CO2 partial pressure driving force between gas-liquid interface and bulk liquid. It 
is dependent on reaction kinetics, CO2 solubility and diffusivity of reactants and products. Therefore kg’ is an 
inherent property of the amine solvent. If amine concentration can be assumed to be constant across the reaction 
boundary, the following approximation is valid:  
 
(3) 
 
 
DCO2, diffusivity of CO2 in amine solution; k2, second-order reaction rate constant; [Am]b, free amine concentration 
in bulk solution; HCO2, Henry’s constant of CO2 in amine solution. 
DGA
®
 (98%, Acros), AMP (99%, Acros), MAPA (99%, Alfa Aesar), MDEA (99%, Huntsman), PZ (anhydrous, 
99%, Alfa Aesar) were used without purification for preparation of aqueous solution. CO2 loading was determined 
by total inorganic carbon analysis [16]. Amine concentration was confirmed by amine titration [16].   
3. Results and Discussion 
3.1 CO2 solubility 
CO2 solubility data in DGA
®
 and AMP show good agreement with literature data (Figure 4 and Figure 5).  A 
semi-empirical model (Equation 4), which assumes PCO2
*
 (Pa) is only a function of CO2 loading () and T (K), was 
used to fit the solubility data for each amine. Parameters for different amines are given in Table 1. With this model, 
lean and rich CO2 loading corresponding to 500 and 5000 Pa at 40 °C were determined. The difference between lean 
and rich loading gives cyclic capacity of CO2 for each amine.  
(4) 
 
The heat of CO2 absorption (∆Habs) is obtained using the Gibbs-Helmholtz equation: 
 
  (5) 
 
∆Habs is only dependent on CO2 loading under the current model. ∆Habs at the CO2 loading corresponding to PCO2*= 
1500 Pa is reported as an average value.  
-3E-3
-2E-3
-1E-3
-2E-17
1E-3
2E-3
3E-3
-3000 -2000 -1000 0 1000 2000 3000
F
lu
x
 (
m
o
l/
s·
m
2
)
Log Mean Driving Force (Pa)
gGg kKk
111
'

2* //ln
2
 eTdcTbaPCO 
)(
)/1(
)(ln *
2
 dbR
Td
Pd
RH COabs
2
2
][2'
CO
bCO
g H
AmkD
k 
X. C en et al. / Energy Procedia 4 (2011) 101–108 103
4 Author name / Energy Procedia 00 (2010) 000–000 
CO2 solubility data for MAPA and MDEA/PZ are shown in Figure 6. In MAPA, free amine is depleted as CO2 
loading approaches 0.5 and PCO2
*
 increases rapidly with loading. Therefore the CO2 capacity of MAPA from 500 Pa 
to 5000 Pa is relatively small.  In Figure 7, the solubility data for MDEA/PZ are compared to those from Bishnoi et 
al. [17] and Derks et al. [18] for 7.8 m MDEA/1.2 m PZ. Increases in the PZ fraction increase CO2 solubility 
because PZ carbamate is a more stable form of CO2.  
Table 1. Regressed value of parameters for solubility model used in this work 
Amine a b c d e 
7 m MEA 36.61±2.80 -11152±896 -7.46±8.36 2389±2636 26.69±2.58 
8 m PZ 34.52±2.09 -10676±683 -10.10±7.27 7596±2370 14.43±3.27 
10 m DGA® 53.57±5.61 -16434±2081 -48.85±15.13 14762±5798 34.28±11.18 
8 m MAPA  53.45±9.84 -14517±3234 -78.86±25.91 9035±8009 103.75±17.99 
4.8 m AMP 35.47±0.87 -10080±299 1.70±2.80 3258±966 -4.89±1.11 
7m/2m MDEA/PZ 33.94±0.76 -9694±277 2.30±4.98 8054±1918 -29.46±3.88 
5m/5m MDEA/PZ 34.68±1.76 -10792±602 6.98±7.97 8746±2612 -31.49±6.39 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. CO2 solubility in 10 m DGA
®. Filled points: experimental 
data; Solid lines: model prediction (Eq. 4); Open points: 14.3 m 
DGA® at 50 °C (square) and 100 °C (circle) from Ref. [19]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. CO2 solubility in 4.8 m AMP. Filled points: experimental 
data; Solid lines: model prediction (Eq. 4); Open points: Ref. [20]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. CO2 solubility in 8 m MAPA. Filled points: experimental 
data; Solid lines: model prediction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. CO2 solubility in MDEA/PZ. Filled points: experimental 
7 m/2 m; Solid lines: model 7/2; Open points: experimental 5 m/5 m; 
Dashed lines: model 5/5; 7.8 m /1.2 m PZ at 40 °C by Bishnoi et al. 
[17] (×) and Derks et al. [18] (+).  
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3.2 Absorption/desorption rate 
The rate data for the amines are shown in Figure 8 to Figure 11. kg’ values are shown as a function of PCO2* at 
40 °C, a surrogate for loading. In general, an increase in T leads to equal or smaller kg’, with exceptions seen in 
AMP. This can be explained by Equation 3. Although DCO2 and k2 both increase with T, HCO2 increases 
simultaneously. The change in kg’ depends on how these factors offset each other. Using the PCO2* instead of CO2 
loading as the x-axis also allows direct comparison of rates on the same basis for different amines. Data for 8 m PZ 
and 7 m MEA at 40 °C by Dugas et al. [13] are shown for comparison. As can be seen, CO2 absorption in PZ is 
about 1.5 to 2 times faster than MEA. DGA
®
 has a comparable rate to MEA from 20 Pa to 1000 Pa, presumably 
because that they are both unhindered primary amines. Although the reaction kinetics of AMP with CO2 is 
approximately 10 times slower than MEA [21, 22] due to the steric hindered amino group, CO2 absorption rate of 
AMP is found to be as high as half of MEA. A stoichiometric ratio of 1 mol CO2/mol AMP results in higher free 
amine concentration, which compensates for small k2. MAPA is a faster solvent than MEA at lean CO2 partial 
pressure but much slower at the rich end. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Liquid mass transfer coefficient (kg’) of 10 m DGA® 
(solid lines). The data is compared with kg’ for 7 m MEA (short 
dashed line) and 8 m PZ at 40 °C (long dashed line) [13]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.  kg’ of 4.8 m AMP (solid lines).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. kg’ of 8 m MAPA (solid lines).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. kg’ of 7 m/2 m (solid lines) and 5 m/5 m MDEA/PZ 
(dotted lines). Open circles: 7.8 m /1.2 m MDEA/PZ at 40 °C [17]. 
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7 m/2 m MDEA/PZ is slightly slower than 8 m PZ at lean loading but similar at rich loading. This means PZ can 
greatly enhance CO2 absorption rate even at a lower fraction. 5 m/5 m MDEA/PZ has a faster rate than 7/2 at all the 
temperatures. It also has a similar performance to PZ at 40 °C. kg’ reported by Bishnoi et al. for 7.8 m/1.2 m 
MDEA/PZ [17] is greater than that for 7/2 and slightly less than 5/5 at lean loading, but slower than either 7/2 or 5/5  
at rich end. In the blend, MDEA catalyzes the formation of PZ carbamate and becomes protonated, therefore there is 
still abundant free PZ available to react with CO2, retaining higher absorption rate. All the solubility and rate data 
are given in Table 2.  
Table 2. Equilibrium CO2 partial pressure (PCO2
*, kPa) and liquid film mass transfer coefficient (kg’, 10-7 mol/(s·Pa·m2) ) at varied 
CO2 loading (, mol/mol alkalinity) and temperature (T, °C) 
T 
 PCO2 kg' 
10 m DGA® 
40 
0.307 0.02 30.7 
0.399 0.39 9.7 
0.453 1.51 4.6 
0.491 5.79 2.0 
60 
0.212 0.15 37.1 
0.307 0.63 22.8 
0.399 2.67 9.8 
0.453 8.87 4.9 
0.491 26.9 1.7 
80 
0.212 1.42 31.4 
0.307 4.36 17.4 
0.399 16.3 7.7 
0.453 50.1 2.4 
100 
0.212 6.25 24.5 
0.307 18.0 14.0 
 
T 
 PCO2 kg' 
4.8 m AMP 
40 
0.15 0.14 7.0 
0.28 0.52 4.8 
0.44 2.08 2.3 
0.56 5.41 1.7 
60 
0.15 0.98 7.9 
0.29 3.81 5.6 
0.44 11.7 3.0 
0.60 30.2 1.6 
80 
 
0.15 4.85 6.7 
0.29 18.2 4.1 
0.44 51.0 2.2 
100 
0.15 18.5 4.6 
0.29 63.6 3.0 
 
T 
 PCO2 kg' 
8 m MAPA 
 
40 
 
0.280 0.00 817.
0.396 0.03 175.
0.474 0.89 4.7 
0.516 7.12 1.4 
 
60 
 
0.285 0.03 350.
0.390 0.22 47.0 
0.474 5.92 4.8 
0.504 35.3 1.0 
80 
 
0.278 0.21 93.5 
0.399 1.89 21.4 
0.487 36.4 1.2 
100 0.393 13.8 19.4 
 
T 
 PCO2 kg' 
7 m MDEA/2 m PZ 
40 
0.093 0.19 16.5 
0.166 0.95 10.3 
0.237 2.84 6.1 
0.286 5.26 4.8 
60 
0.093 1.25 16.8 
0.166 4.41 9.8 
0.237 13.5 5.4 
0.273 19.6 4.5 
80 
0.027 1.27 27.6 
0.093 5.62 12.3 
0.166 17.6 6.8 
10
0 
0.027 5.21 16.3 
0.093 19.8 7.6 
5 m MDEA/5 m PZ 
40 
0.18 0.24 19.5 
0.23 0.64 16.1 
0.28 2.16 11.8 
0.33 3.54 6.4 
0.37 6.59 4.1 
60 
0.18 1.45 21.8 
0.23 3.70 13.0 
 
0.28 8.77 8.2 
0.33 18.3 4.8 
0.37 28.2 3.5 
80 
0.18 6.73 16.5 
0.23 16.9 8.8 
10 0.18 26.7 9.1 
 
3.3 Cyclic capacity and heat of CO2 absorption 
The calculated values for lean/rich CO2 loading, capacity, and heat of absorption are given in Table 3.  The 
capacity of 7 m/2 m MDEA/PZ is same as 8 m PZ, while that of the 5/5 blend is about 25% higher than 8 m PZ. If 
the total amount of alkalinity in each solvent is taken into account, it can be seen that the addition of MDEA to PZ 
effectively increases the CO2 capacity while maintaining the fast kinetics associated with PZ. Tertiary amines like 
MDEA cannot form carbamate with CO2. Instead, 1 mol MDEA reacts with 1 mol CO2 to produce bicarbonate and 
protonated MDEA. 4.8 m AMP has a CO2 capacity two times as great as that of MEA and about 20% higher than 
PZ, even at a lower amine concentration. This is attributed to the hindered nature of AMP. However the CO2 
capacity of 10 m DGA
®
 and 8 m MAPA are only about half of 8 m PZ and slightly smaller than 7 m MEA.  
The heat of CO2 absorption for PZ and its blend with MDEA is about 70 kJ/mol CO2. ∆Habs for AMP is slightly 
higher than PZ. All of the primary amines, MEA, DGA
®
 and MAPA, have a value slightly greater than 80 kJ/mol 
CO2, presumably because of the greater heat of reaction in carbamate formation.  
 
3.4 Application of rate data 
Accurate measurement of absorption rates makes it possible to accomplish simple absorber design.  kg’ values at 
PCO2
* 
= 500 Pa and 5000 Pa at 40 °C for each amine are interpolated/extrapolated from available data. These two 
values represent the rate of mass transfer at the top and bottom of an isothermal absorber operated at 40 °C. The CO2 
flux is then equal to kg’ times the driving force. An average value of kg’ is generated by dividing the log mean flux 
by the log mean driving force at the top and bottom (Equation 6): 
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(6) 
 
This value reflects the average absorption rate over the whole absorber column. The packing area (Ap) required for 
unit volumetric flow rate of flue gas (Vg) can also be estimated with the assumption of 90 % CO2 removal.  
 
 
(7) 
 
 
The average value of kg’ as well as Ap/Vg are shown in Table 3. 8 m PZ has the fastest CO2 mass transfer rate, 
corresponding to the least packing area requirement, 1800 m
2
/ (m
3
/s). 7 m MEA is only 50% as fast as PZ, which 
doubles the required packing area. 5 m /5 m MDEA/PZ has a similar rate to PZ, while 7/2 is roughly 15% slower. 
CO2 absorption in 10 m DGA
®
 and 8 m MAPA are slower than in MEA by 5–15%. 4.8 m AMP, as the slowest 
solvent, requires a packing area up to 6300 m
2
/ (m
3
/s).  
   Table 3. Overview of properties for all the amines tested. PZ and MEA [13] and N-methyl PZ  and 2-methyl PZ  data [15] are also 
included.  
Amine 
        Lean/Rich loading 
(mol CO2/mol alkalinity) 
Cyclic 
CO2 Capacity 
(mol/kg 
(water+amine)) 
-∆Habs 
@PCO2 =1.5kPa 
(kJ/mol) 
kg’avg@40°C 
(×107mol/s·Pa·m2) 
Ap/Vfg 
(103 m2/(m3/s)) 
8 m PZ 0.31/0.39 0.79 70 8.5 1.8 
8 m N-methyl PZ 0.16/0.26 0.83 67 8.4 1.8 
5m/5m MDEA/PZ 0.21/0.35 0.99 70 8.3 1.8 
7m/2m MDEA/PZ 0.13/0.28 0.80 68 6.9 2.2 
8 m 2-methyl PZ 0.27/0.37 0.93 72 5.9 2.6 
7 m MEA 0.45/0.55 0.47 82 4.3 3.5 
10 m DGA® 0.41/0.49 0.38 81 3.6 4.2 
8 m MAPA 0.47/0.51 0.42 84 3.1 4.8 
4.8 m AMP 0.27/0.56 0.96 73 2.4 6.3 
4. Conclusions  
The measurements of CO2 solubility and absorption/desorption rates with the Wetted Wall Column enable the 
extraction and comparison of CO2 capacity, heat of absorption, and mass transfer rates in different amine solvents. 
The primary amines studied, DGA
®
 and MAPA, along with MEA, suffer from low CO2 capacity and absorption 
rates. However, their high heat of absorption would help lower the energy requirement and could offset their 
disadvantages. 4.8 m AMP has a high CO2 capacity, but its application as a CO2 capture solvent could be hindered 
by its low CO2 absorption rate. MDEA blended with PZ shows great promise with its high CO2 capacity and 
absorption rate, if compromised with the relatively lower heat of absorption.  
The packing area for unit volume of flue gas is estimated in a simple absorber design. Fast amines such as 5 m 
/5 m MDEA/PZ, only require 1/2 to 1/3 of the packing area that would be needed for slow solvents like DGA
®
, 
MAPA, and AMP. Therefore a fast amine would greatly reduce the column size and capital cost. 
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